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dissolution rate and its widespread occurrence in mafic and ultramafic rocks, olivine has been suggested as a
potentially good candidate for achieving this goal, although the efficacy of the carbonation reaction still needs
to be assessed. With this as a goal, the present study aims at measuring the carbonation rate of San Carlos

Editor: J. Fein olivine in batch experiments at 90 °C and pCO, of 20 and 25 MPa.

When the reaction was initiated in pure water, the kinetics of olivine dissolution was controlled by the degree
Keywords: of saturation of the bulk solution with respect to amorphous silica. This yet unrecognized effect for olivine was
Olivine responsible for a decrease of the dissolution rate by over two orders of magnitude. In long-term (45 days)
Carbonation carbonation experiments with a high surface area to solution volume ratio (SA/V=24,600 m~'), the final
CO; _SeqyeStfation composition of the solution was close to equilibrium with respect to SiO,(am), independent of the initial
Passivation concentration of dissolved salts (NaCl and NaClO,4, ranging between 0 and 1 m), and with an aqueous Mg/Si

Kinetic modeling ratio close to that of olivine. No secondary phase other than a ubiquitous thin (<40 nm), Si-rich amorphous

layer was observed. These results are at odds with classic kinetic modeling of the process. Due to experimental
uncertainties, it was not possible to determine precisely the dissolution rate of olivine after 45 days, but the
long term alteration of olivine was indirectly estimated to be at least 4 orders of magnitude slower than
predicted.
Taken together, these results suggest that the formation of amorphous silica layers plays an important role in
controlling the rate of olivine dissolution by passivating the surface of olivine, an effect which has yet to be
quantified and incorporated into standard reactive-transport codes.

Published by Elsevier B.V.

1. Introduction so-called carbonation process (Oelkers et al., 2008). The corresponding
general reaction can be written as (M being a divalent metal):
Rising levels of atmospheric carbon dioxide (CO,) have recently led

the scientific community to devise potential strategies for carbon ~ MySi,Oy 12y ,(OH),, + xCO,—xMCO;3 + ySiO, + zH,0 (1)
capture and storage (CCS) over long time spans. In that respect, one of
the safest CCS options proposed is based on mineral trapping via the Such a reaction results in the chemical breakdown of a silicate

mineral, release of silicon (at temperatures below 200 °C, essentially

in the form of amorphous silica, see below), and consumption of CO,,

_— followed by its subsequent transformation to a solid carbonate pre-
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represents one of the most thermodynamically favorable minerals
with respect to reaction (1) (e.g. Guyot et al., in press). Secondly,
olivine is widespread in mafic and ultramafic environments: it is a
common component of basalts, the main one of peridodites, and
almost the only one of dunites. Moreover, natural evidence for
carbonate formation associated with (and/or resulting from) the
weathering of olivine has been previously reported (e.g. Kelemen and
Matter, 2008; Andreani et al.,, 2009; Beinlich et al., 2010). Finally,
olivine is presumably one of the fastest dissolving Mg-bearing
minerals (Guyot et al., in press), which represents the initial step of
the overall carbonation process.

Owing to its rapid dissolution kinetics (Luce et al., 1972; Blum and
Lasaga, 1988; Wogelius and Walther, 1991, 1992; Jonckbloedt, 1998;
Awad et al.,, 2000; Chen and Brantley, 2000; Pokrovsky and Schott,
2000a,b; Rosso and Rimstidt, 2000; Oelkers, 2001; Liu et al., 2006; Davis
et al., 2009; Daval et al., 2010b), its geological relevance, and its simple
chemical composition and structure, a growing number of studies have
been dedicated to better constraining the rate and mechanism of olivine
carbonation. While a few studies focused exclusively on either of the
two main steps of the carbonation process at conditions relevant for CO,
sequestration (see Hanchen et al., 2006; Prigiobbe et al., 2009 for olivine
dissolution at high pCO,; Hanchen et al., 2008; Saldi et al., 2009;
Ballirano et al., 2010 for carbonate formation and stability), the vast
majority of them addressed the overall process by running batch
experiments using Mg-rich olivine close to forsterite (Mg,SiO4)
composition as starting materials (e.g. O'Connor et al., 2002; Giammar
etal,, 2005; Bearat et al., 2006; Chen et al., 2006; Gerdemann et al., 2007;
Dufaud et al., 2009; Jarvis et al., 2009; Garcia et al,, 2010; King et al.,
2010). Such investigations yielded interesting first-order results, with
some of the main important findings being summarized as follows:

(i) The optimal carbonation conditions were determined to be
around 185 °Cand pCO, = 15 MPa (e.g. Gerdemann et al., 2007),
the extent of carbonation, defined as the degree of stoichiometric
conversion of the silicate to the carbonate, leveling to a maximum
value slightly above 80%. The reasons for a decrease of the
carbonation efficiency at higher temperatures is not straightfor-
ward, but may be due to competition between carbonation and
serpentinization reactions, as suggested by the results reported
in Dufaud et al. (2009) or King et al. (2010).

(ii) For a given temperature, an optimum extent of carbonation is
obtained by increasing both the alkalinity and the salinity of the
aqueous solution (0.64 M NaHCO5 41 M NaCl) (O'Connor et al.,
2002). Conversely, it has been clearly shown that in the acidic pH
range, the dissolution rate of olivine decreases as pH increases
(see Table 1). As a consequence, the results from O'Connor et al.
(2002) suggest that the optimal pH and alkalinity conditions
represent a compromise between promoting the magnesite
precipitation step, without lowering too much the dissolution

rate of olivine. This finding may indicate that the rate-limiting
step of olivine carbonation is not ‘simply’ the dissolution step.
Recent data on magnesite precipitation rates seem to support this
idea. For instance, Giammar et al. (2005) found that magnesite
nucleation was not observed for saturation indices as high as 1.14
at 95 °C. Moreover, Saldi et al. (2009) reported that the rate
constant of magnesite growth at 100 °C is 6 orders of magnitude
lower than that of calcite at conditions where precipitation rates
are controlled by the same mechanism (spiral growth). Further-
more, although possibly faster than magnesite precipitation, the
formation of hydrated Mg-carbonates from supersaturated
solutions remains a process much slower than that of Ca-
carbonates under similar conditions (Hdnchen et al., 2008),
emphasizing that determining a priori the rate-limiting step of
the carbonation of Mg-silicates is challenging.

In addition to the very slow precipitation rate of Mg-carbonates,
several studies reported that blocking of the carbonation reaction
could indeed take place upstream, during the dissolution step.
Based on the results from Bearat et al. (2006) and Jarvis et al.
(2009), the formation of a passivating silica layer could prevent
fluid from reaching the pristine olivine reaction front, thereby
inhibiting the continued dissolution of olivine. Interestingly, this
result is at odds with the observations of Daval et al. (2009b),
who showed that the occurrence of amorphous silica layers
formed on the surface of wollastonite did not significantly affect
its dissolution rate. This emphasizes the idea that the properties
of silica coatings are not universal, but rather may depend on the
structure and composition of the parent mineral and/or on the
experimental conditions (i.e. T=185 °C, pCO, = 13.5 MPa, start-
ing solution = 0.64 M NaHCO3 + 1 M NaCl for Bearat et al. (2006)
vs. T=90 °C, pCO, = 25 MPa, starting solution = ultrapure water
for Daval et al. (2009b)).

(iii

—

The present study aims at bringing new constraints on the rate-
limiting step of the carbonation of forsterite olivine. The originality of
the present study is based on the following points:

(i) With the exception of the study by Giammar et al. (2005), all the
abovementioned studies dealing with forsterite carbonation
were run at temperatures significantly above the usual upper
bound for in situ geological storage of CO, (~100 °C, e.g. Bachu,
2000), and are rather representative of ex situ CO, sequestration
methods. In addition, most of these studies were run in
alkalinized solutions, which could be used for ex situ CO,
sequestration purposes, but which are less relevant for in situ CO,
sequestration. As a consequence, our experiments were run at
90 °C and pCO, ranging from 20 to 25 MPa, corresponding to
more realistic P-T conditions of CO, storage. Moreover, because
some sequestration projects using basalts foresee the co-
injection of seawater with CO, (Gislason et al., 2010), some

Table 1

Compilation of dissolution kinetic parameters for forsteritic olivine determined at far-from-equilibrium conditions.
Source T range pH range n E, ko koo Runs
Blum and Lasaga (1988) 25 2.0-5.0 0.56 nd.** 4.17E4-03 1.08E—05 8
Wogelius and Walther (1992) 25-65 2.0-6.0 0.54 79.5 7.74E+06 2.84E—05 7
Chen and Brantley (2000) 65 2.0-5.0 0.71 nd.** 2.63E+04 6.80E—05 8
Pokrovsky and Schott (2000b) 25 1.0-6.0 0.50 nd.** 6.62E+03 1.71E—05 34
Rosso and Rimstidt (2000) 25-45 1.8-3.8 0.50 426 3.47E+00 2.59E—06 28
Oelkers (2001) 25-65 2.0 n.d.* 63.8 2.39E+04 1.59E—05 26
Hdnchen et al. (2006) 90-150 2.0-8.5 0.45 52.9 8.54E+02 2.10E—05 24

The parameters were reported from studies performed at acidic conditions, in organic ligand-free solutions, for the T and pH ranges listed in the 2nd and 3rd columns. The far-from-
equilibrium dissolution rate law is written according to the expression: r = ko x exp(—Ea / RT) x ajj. with koo = ko.exp(— E./(363R)). The activation energy (E,) is indicated in kJ.

mol~!, and the rate constants are expressed in mol.m 2.

s~!. The last column indicates the number of individual experiments run to establish the rate law. *pH—dependence not

determined in this study (study run at a unique pH condition only). ** Activation energy not determined from these studies (study run at one temperature only). Consequently, the
koo values reported in this table were calculated by merging the activation energies determined in the other studies (average value: 59.7 kJ/mol).
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of the experiments in our study were run with various NaCl

concentrations in order to determine whether salinity has an

impact on the carbonation process.
(ii) Although it has been qualitatively suggested in previous higher
temperature studies that the formation of silica coatings may
slow down the transport of dissolved species to/from the reactive
surface of olivine (Bearat et al., 2006; Jarvis et al., 2009), this effect
has neither been quantified so far, nor compared with simple
models using geochemical codes. As a consequence, this question
is addressed in the present study, and the consequences for long-
term olivine alteration in confined environments are assessed, by
preliminary nm-scale analyses of the interfacial region of the
weathered olivine mineral.
Finally, the non-universal behavior of silica coatings that form
on various minerals and at different physicochemical condi-
tions are evoked, and the mechanistic origin for the observed
discrepancies are discussed.

(iii

—

2. Materials and methods
2.1. Starting materials

The present study involved two independent types of experiments
which were run in two different locations (Laboratoire de Géologie, ENS,
Paris, France and Earth Sciences Division, LBNL, Berkeley, CA, USA).
Hence, there were slight differences in the protocols for preparing the
starting materials, and two batches of olivine were purchased from
different sources (Mineral K and Wards Natural Science). Both batches
originated from San Carlos (Arizona, USA) and consisted of cm-sized
translucent, bottle-green crystals of gem quality. With the exception of
minor quantities of iron oxides resulting from superficial weathering
(that were easily removed manually), no other minor phases were
evidenced with the analytical techniques we used (i.e., Raman
spectroscopy, X-ray diffraction, scanning electron microscopy). The
chemical compositions of the two batches were determined by electron
microprobe and are listed in Table 2. These measurements indicate that
the average compositions were (Mgg ggFeg 12)25104 and (Mgg.g1Feg09)2-
SiO,4 respectively, when normalized to four oxygens. Such results are
consistent with the range of compositions determined in previous
studies (Fogg_o2). Samples were initially crushed and sieved to recover
the 100-300 (ENS experiments) and 149-295 (LBNL experiments) um-
sized fractions. The powders were then ultrasonically cleaned in ethanol
for 10 min in order to remove fine particles, with the cloudy supernatant
being removed and replaced with fresh ethanol. This process was
repeated up to 10 times until the supernatant became clear. The olivine
was then rinsed with ultrapure deionized water (18.2 MQ.cm™") for
5 min and dried overnight in air at 60 °C. The efficacy of this procedure
was monitored by scanning electron microscopy (SEM), which revealed
only a few fine particles still adhering to the surface. The specific surface
area (SSA) of the powders was determined to be 0.041 m?.g~! for the
100-300 pm-sized fraction and 0.015 m%g ™! for the 149-295 um-sized
fraction using a three-point BET method with Kr as the absorbent gas.

2.2. Experimental equipment and protocols

2.2.1. High SA/V experiments
The experiments performed with high olivine surface area (SA) to
solution volume (V) ratios involved the batch of Fogg forsterite (grain

Table 2
Chemical composition of the two different olivine batches determined from electron
microprobe analysis (in wt.%).

Si0, Ca0 MnO FeO NiO MgO total

ENS 40.89 0.09 0.09 9.18 0.4 49.32 99.97
LBNL 40.77 0.12 0.15 11.19 0.37 47.81 100.41

size: 100-300 um), and were carried out at the ENS. Because the set-
up we used was thoroughly described previously in Daval et al.
(2009a), only the most important features are detailed here. The
investigations were conducted at T=90 °C and pCO, =25 MPa in
small Teflon capsules (volume~3 ml) capped with porous alumina
plugs, and stacked in a Ti-autoclave. At these conditions, CO, is su-
percritical, and was free to diffuse across the alumina plugs covering
the capsules. Although the use of batch reactors considerably com-
plicates the quantification of the feedback between the evolution of
the solution chemistry and reaction rates, they arguably better simu-
late natural in situ carbonation conditions, and are especially useful
for examining the coupled effect of silicate weathering and secondary
coating formation.

Each capsule was filled with a small amount of olivine powder
(~300 mg) and ultrapure deionized water (~0.5 ml), corresponding to
SA/V=24,600 m~'. Runs were terminated after different time dura-
tions (ranging from 24 h to 45 days) to follow the extent of reaction as a
function of time (based on both solid and solution analyses, see
section 2.3). From 2 to 11 capsules per run were dedicated to the
investigations gathered in the present study, each one being physically
and chemically isolated from its closest neighbors (Daval et al., 2009a).
For long-term experiments (45 days), some of the capsules were filled
with NaCl or NaClO4 solutions with different concentrations (0.01; 0.1;
1 m). The use of these two solutes enabled us to evaluate whether the
catalytic effect of NaCl reported in some previous carbonation studies
(e.g. O'Connor et al., 2002) involved an ion-specific mechanism (Cl™) or
the ionic strength itself (see a similar protocol in, e.g. Sidhu et al., 1981).

2.2.2. Low SA/V experiment

The high SA/V experiments were useful for better understanding
the long-term behavior of olivine carbonation. Conversely, the initial
dissolution rate of olivine at such conditions is extremely rapid, such
that it was not possible to measure the rates before the attainment of
saturation with respect to amorphous silica. Moreover, as described
by Daval et al. (2009a), the sampling of the experimental fluids was
not possible without first stopping, and thus quenching these
experiments, a process which took up to 1.5 h. This protocol has
two major weak points: first, it is not suitable for studying reactions
with time durations of less than a few hours; secondly, because the
quench is not instantaneous, the recovered fluid at ambient condi-
tions may not have exactly the same composition as at in situ con-
ditions (see section 3.1.2 and an in-depth discussion of this effect in
Daval et al., 2009a). To compensate for these disadvantages, we ran a
complementary experiment in an apparatus suitable for determining
accurately the dissolution rate of olivine during the early stage of
the carbonation process, i.e. under conditions undersaturated with
respect to amorphous silica.

The corresponding experiment, conducted at LBNL, was run at a
low SA/V ratio using a batch of Fog; forsterite (grain size: 149-
295 um) described above. We used a Dickson-type autoclave, whose
extensive description can be found elsewhere (e.g. Seyfried et al.,
1979; Knauss and Copenhaver, 1995). Briefly, the reaction took place
in a flexible Au bag (220 ml) fitted with a removable Ti closure. A Ti
sampling tube attached to the closure, which incorporates a standard
high pressure tube fitting, exits through the head of the apparatus. A
leak-tight seal was achieved by compressing the top of the gold bag
against a flared portion of the Ti head. At the start of the run, the Au
bag was filled with 185 ml of ultrapure deionized water and 3.0629 g
of olivine, corresponding to SA/V=248 m~! (2 orders of magnitude
smaller than for the previous experiments). The Au bag/Ti closure seal
was then tested by pressurizing the assembly and immersing it in
water. The assembly was subsequently introduced into a large
stainless steel high pressure vessel (845 ml) filled with deionized
water beforehand. The pressure outside the bag was brought to
20 MPa at ambient temperature by pumping deionized water with a
syringe pump. Finally, 17 ml of liquid CO, was injected inside the Au
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bag at ambient temperature and 20 MPa with a second pump; the
corresponding excess of water outside the bag being withdrawn using
the first syringe pump in ‘constant pressure’ mode. The amount of CO,
injected was chosen such that the water phase would remain equili-
brated with a headspace of CO, under the run conditions, regardless of
the amount of CO, consumed during carbonation.

The stainless steel vessel was then loaded into one of the two
furnaces of a dual-furnace rocking autoclave system (CoreTest Systems,
Inc.). The temperature was increased to 90 °C, and the pressure was held
constant by the use of a syringe pump operating in ‘constant pressure’
mode at 20 MPa, close to the maximum working pressure of this pump.
The autoclaves were rocked daily to avoid potential chemical gradients
in the liquid phase. This set-up enabled continuous sampling of the
aqueous phase with time without having to interrupt the experiment. A
typical sampling procedure took about 10 min and consisted of
collecting 3 aliquots (1-1.5 ml each) per sampling day. The first one
was systematically discarded, the second was dedicated to qualitative
pH measurement at ambient conditions, and the last one was used for
analyzing the solution chemistry.

Despite slight differences between the two types of experiments,
namely the very small difference in chemical composition of the olivine
and the pCO, (note that the 5 MPa difference does not significantly
affect the chemistry of the starting solutions, see section 2.4), it is
reasonable to assume that when taken together, all of the experiments
in the present study (inclusive of variable SA/V ratios) have been used to
address, quantify, and characterize a single process, namely, the
carbonation rate of San Carlos olivine at 90 °C and elevated pCO,, and
the corresponding links to the solution chemistry and the formation of
secondary phases.

2.3. Characterization and analytical procedures

2.3.1. Fluid analyses

For each type of experiment, either after quenching (ENS) or in
situ sampling (LBNL), the aqueous samples were filtered through a
PTFE filter with a pore size of 0.22 um, diluted at least 10 fold in
ultrapure water and acidified with HNO5 2%. The samples were then
analyzed either by ICP-AES (ENS) or ICP-MS (LBNL) for Mg, Fe, and Si.
The analytical uncertainties in the measurements were better than 5%,
based on repeated analyses of standard solutions and blanks.

2.3.2. Bulk solid analyses (ENS experiments)

X-ray diffraction (XRD) data were collected with a Rigaku
ultraX18HFCE Bragg-Brentano diffractometer equipped with a rotat-
ing copper anode (Cu Ko radiation). The conditions for generating the
X-ray beam were 300 mA and 50 kV. Scans were taken for 26 ranges
from 10 to 70° with 0.01°/s steps, with total accumulation times of
100 min. The detection limit of XRD is close to ~ 1%. However, because
only limited carbonate formation is expected at such temperatures
(e.g. Giammar et al., 2005), complementary analyses were performed
using a Rock-Eval 6 apparatus. The operation and performance
characteristics of the Rock Eval technique can be found in Lafargue
et al. (1998) and Behar et al. (2001). Basically, 200 mg aliquots of
reacted powders were heated in air to 850 °C at a heating rate of
20 °C/min. This leads to the thermal decomposition of carbonate
minerals contained in the samples according to the reaction:

MCO; 2> MO + €O, 2)

The CO, produced is then quantified using an infra-red analyzer in
a continuous on-line mode. The temperature for maximum CO,
production depends on the carbonate, specifically the chemical
composition and the nature of chemical bonds between the cations
and the CO3™ groups (Lafargue et al, 1998). Thus, the thermal
decomposition maximum can be used to determine the chemical

composition of the carbonates present in the samples (~650 °C for
magnesite, e.g. Garcia et al., 2010). The quantification limit of the Rock
Eval technique is ~0.02 wt.% C, corresponding to ~0.15 wt.% MgCO3
(i.e. this technique is one order of magnitude more sensitive than
XRD).

2.3.3. Microscopic observations

The powders were recovered at the end of each experiment, fixed
on an adhesive carbon support, gold-coated, and then studied by SEM
(Hitachi S-2500) operating at 15 kV and a working distance of 25 mm.
Qualitative chemical analyses were acquired by energy dispersive X-
ray analysis (EDS, Thermo Noran Si/Li detector).

To obtain preliminary insights into the structure and chemistry of
the olivine/water interface, two ultrathin electron transparent cross
sections were prepared by focused ion beam (FIB) milling on an
olivine grain (batch 45-04, see Table 3) that was reacted for 45 days.
The sample surface was re-metalized beforehand with a carbon coat
to minimize potential artifacts due to Pt and Ga ion beam interactions
during the milling process (see, e.g., Lee et al., 2007). The FIB milling
was performed either with a FEI Model 200 SEM FIB or a Zeiss Neon
EsB40 FIB/FEG-SEM system; details of the procedure can be found in
Daval et al. (2009b). The FIB thin sections were then observed by
transmission electron microscopy (TEM) using high-resolution trans-
mission electron microscopy (HRTEM) and scanning transmission
electron microscopy (STEM) observations with a JEOL 2100F (FEG)
operated at 200 kV. STEM observations were performed both in
brightfield (BF) and darkfield (DF) modes. EDXS maps were acquired
in STEM DF mode, with a focused electron beam (1 nm).

2.4. Thermodynamic calculations and kinetic modeling

The fugacity of CO, was estimated to equal ~13.5 and ~11.5 MPa
for the experiments run at 25 and 20 MPa, respectively. This
calculation was based on fugacity coefficients (I'co,) given by Spycher
etal. (2003) that correspond to our in situ P-T conditions. The starting
pH and dissolved CO, concentrations were calculated with the
geochemical code CHESS (van der Lee and De Windt, 2002) using
the LLNL EQ3/6 database. The logarithms of the formation constants
are listed in the CHESS database, and are used to compute by
interpolation the formation constant for any temperature between
the minimum and maximum temperature provided by the polyno-
mial expression. Activity coefficients for aqueous species were calcu-
lated using the Davies equation. The electrical balance was ensured
using pH as an adjustable parameter. For the ENS experiments, the
starting pH was 3.07 and [CO»(aq)]=1.56 m, whereas for the LBNL
experiment, the starting pH was 3.11 and [CO(aq)]=1.35 m. These
values show that the initial solution chemistries were almost
equivalent in all experiments. The aqueous magnesium and silica
concentrations served as input to the geochemical code CHESS for
computing the in situ pH and saturation indices of the solid phases.
The CHESS code was also used to independently model the release
rates of magnesium in the ENS experiments using dissolution data
from the literature. A commonly used general kinetic expression that
links the kinetics of reaction to the major rate-controlling parameters
(e.g. Lasaga, 1995):

r = ko exp(—E, / RT)Ay;, g(I) T1a"f(AG,) (3a)

is implemented in the kinetic module of the code as follows (adapted
from van der Lee and De Windt, 2002):

r = £koexp(—E, / RT) Any Tla}' (1-(Q /1<eq)”)” (3b)

In these equations, r is the overall dissolution/precipitation rate
(mol.s™1), negative values indicating dissolution, and positive values
precipitation, ko (mol.m~2.s™!) is the rate constant that incorporates
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Table 3
Summary of the results obtained for high SA/V experiments.

Sample Solution mo my v [Si] [Mg] AG,(sil)! AG,(mag)' AG,(for)! AG,(sil)? AG,(mag)? %C
1 day

01-02 Ultrapure water 0.2902 0.2898 0.498 5.4 8.8 —0.2 —4.0 —73.2 20 13.9 0.00
01-15 Ultrapure water 0.2948 0.2893 0.498 4.6 9.3 —0.7 -39 —74.2 14 13.9 0.00
5 days

05-04 Ultrapure water 0.3011 0.2953 0.508 4.7 9.3 —0.6 -39 —76.2 1.6 13.9 0.00
05-10 Ultrapure water 0.2872 0.2846 0.486 55 8.3 —0.1 —54 —77.4 2.2 133 0.00
15 days

15-08 Ultrapure water 0.2882 0.2861 0.491 4.8 8.3 —0.6 —54 —77.8 1.8 133 n.d.
15-16 Ultrapure water 0.2916 0.2865 0.493 4.2 59 —-0.9 -7.9 —83.3 1.6 11.6 0.00
15-18 Ultrapure water 0.2904 0.2859 0.510 4.7 7.8 —0.6 —5.8 —78.8 1.6 13.1 0.00
20 days

20-00 Ultrapure water 0.2999 0.2991 0.500 5.7 10.3 —0.1 —3.7 —74.5 2.1 144 n.d.
20-10 Ultrapure water 0.2902 0.2898 0.498 4.0 22.6 —1.1 14 —65.5 1.0 17.5 0.00
45 days

45-00 Ultrapure water 0.2665 0.2602 0.497 4.8 9.9 —0.5 —4.0 —753 1.8 14.1 0.00
45-11 Ultrapure water 0.2921 0.2914 0.493 44 13.8 —0.8 —-1.7 —70.7 1.5 15.5 0.00
45-18 NaCl 0.01 m 0.2921 0.2908 0.515 55 8.7 —0.1 —6.1 —82.3 1.8 13.7 0.00
45-13 NaCl 0.10 m 0.2943 0.2939 0.499 53 9.4 —0.2 —-75 —85.1 1.0 12.8 0.00
45-04 NaCl 1.00 m 0.2801 0.2894 0.500 4.8 9.0 —0.5 —10.2 —90.8 —1.5 9.9 0.00
45-10 NaCl 1.00 m 03311 0.3391 0.513 4.9 13.9 —0.5 —5.2 —77.6 —-1.7 12.1 0.00
45-18b NaClO4 0.01 m 0.2987 0.2958 0.503 5.4 13.2 —0.1 —2.2 —71.6 1.8 134 0.00
45-04b NaClO4 1.0 m 0.2563 0.2719 0.471 4.2 7.0 —-0.9 —10.5 —88.6 —-1.0 7.9 0.00
45-16 NaClO4 1.0m 0.3104 0.3077 0.508 4.2 7.7 —-0.9 —-9.7 —86.9 —1.1 8.6 n.d.

The first two columns indicate the name of the sample and the chemical composition of the starting solution. The three following columns contain, respectively, the masses of the
powders before (mg) and after (my) experiment (in g) and the volume (ml) of the aqueous solution. The columns labeled [Si] and [Mg] indicate the aqueous concentrations of SiO,
(aq) and Mg?* measured by ICP-AES (mmol.L ). The five following columns give the values of Gibbs free energy of dissolution (kJ.mol~") of SiO,(am) (sil), magnesite (mag), and
forsterite (for) either (1) at T=290 °C, pCO, =25 MPa, or (2) at ambient conditions (T=25 °C, pCO, = 3.8E—05 MPa). The last column reports the measured amounts of mineral

carbon (in wt.% C).

pre-exponential factors in the Arrhenius relation, E, is the activation
energy (J.mol~!), R and T are the gas constant (J.mol~'.K~') and
temperature (K), respectively, A, is the reactive surface area (m?).
The g(I) term in Eq. (3a) conveys a possible dependence of the rate on
the ionic strength (I) of the solution, but is not taken into account by
the CHESS code. The ITa} term expresses the rate effect of aqueous
species that catalyze or inhibit the overall reaction (including H™).
Note that values of ko, E,, n; were taken from the literature for olivine
dissolution and are listed in Table 1. The f(AG,) term in Eq. (3a) is a
function that describes the dependence of the rate on the Gibbs free
energy of the reaction (AG,). In the CHESS code, this function is
implemented as f(AG,) = (1—(Q/Keq)*)", where Q is the activity
product of the reaction and Keq is the corresponding equilibrium
constant. The exponents n;, p and A are parameters generally deter-
mined experimentally. For olivine dissolution, as for many minerals, pt
and A are unknown, and are thus assigned values of unity, as in most
modeling studies (e.g., Xu et al., 2004; Knauss et al., 2005; Daval et al.,
2009a, 2010D). In this case the term f{AG,) = (1 — Q/Keq) describes the
free energy-dependence of the reaction within the framework of
transition state theory (TST) (e.g. Lasaga, 1981). Even though the
relevance of such a formalism has been recently criticized (e.g.
Hellmann and Tisserand, 2006; Daval et al., 2010a; Hellmann et al.,
2010), it is worth noting that to the best of our knowledge, no
alternative formulation is available for olivine.

3. Results
3.1. High SA/V experiments

3.1.1. Estimation of magnesite content and microscopic observations
No crystalline secondary phases were detected by XRD for any of
the reacted olivine powders recovered between the 1st and the 45th
day of reaction. Because the quantification limit of XRD is limited to
~1% wt., additional measurements were realized using the Rock-Eval

technique. As reported in Table 3, if present, the amount of Mg-
carbonate formed during the experiment is below the quantification
limit of this technique (~0.15 wt.% MgCO3). The SEM observations
confirmed the absence of Mg-carbonates. However, they occasionally
revealed the occurrence of sparse, nm-sized phases relatively richer in
Fe than olivine (appearing as a lighter color when imaged in
backscattered electron mode). These sparsely occurring precipitates
may be Fe(Ill) (hydr)oxides, rather than Fe-carbonates, which would
be consistent with results shown in previous studies (e.g. Chen and
Brantley, 2000; Giammar et al., 2005; Andreani et al., 2009), where no
attempt was made to remove O,(aq) from the initial solution, as well.

The SEM images revealed that the surfaces of olivine grains are
non-homogeneously covered by small, shallow irregular etch pits
(Fig. 1). When the reaction was initiated in NaCl rich solutions, some
um-sized crystals were identified, whose chemical composition is
consistent with that of halite (inset in Fig. 1). Because the solution was
not saturated with respect to halite under both run and ambient
conditions, it is very likely that these crystals resulted from the
evaporation of small amount of residual solution remaining on the
olivine grains upon recovery.

To minimize sampling bias effects with respect to the TEM
observations of the reacted grains, two separate thin sections from
one reacted grain (sample 45-04) were prepared by FIB and observed
by TEM. Observations based on each separate TEM foil are described
next.

With respect to the first thin-section, no secondary phase other
than a ubiquitous, thin amorphous layer was observed (Fig. 2a). The
thickness of this layer varies along the interface, ranging from 15 to
40 nm. The olivine lattice fringes terminate abruptly at the interface
with the amorphous layer. The crystalline-amorphous interface often
displays a ‘scalloped’ nature (Fig. 2a and b). Based on Fig. 2b, there is
no obvious evidence for porosity within amorphous silica layer, as
opposed to what was stated in Cailleteau et al. (2008) or Daval et al.
(2009b), who used similar methods to probe surface layers on
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Fig. 1. Surface of a selected grain of olivine from experiment 45-04, revealing etch pits and other surface corrosion features. The crystals precipitated on the surface have a NaCl
composition (see corresponding EDX analysis in inset) and were presumably formed at the end of the experiment after evaporation of the reactant solution (see text for details).

weathered glass and wollastonite, respectively. The bulk chemical
composition of the amorphous phase revealed by EDXS analyses is
consistent with a silica-rich phase containing minor amounts of Mg
(Fig. 2c). To better probe the chemistry of the interfacial region, STEM-
EDX profiles were measured perpendicular to the interface. The
particular profile shown in Fig. 2d reveals a 50 nm-wide sigmoidal
decrease in the Mg concentration from the olivine interface to the top
of the silica layer. All other profiles (not shown) in the same general
region did not produce sharper gradients. Moreover, it is also worth
noting that despite many attempts, it was not possible to measure a
sharp gradient for Pt, which in theory, should be sharp, since it was a
deposited overlayer. A typical measured Pt gradient is 25-30 nm
wide; this provides information on the nature of the Mg gradient,
which is subject to further discussion (see section 4.3 and Appendix).
The possibility that some of the sigmoidal nature of the profile is an
artifact cannot be fully discounted.

With respect to the second thin section, the amorphous silica coating
was also very thin, with thicknesses up to 20 nm. As with the first thin
section, there was no apparent nm to pm-sized porosity. In contrast to
the first thin section, the amorphous layer was less continuous, but
could still be clearly seen (Fig. 3a, and the corresponding fast Fourier
transform (FFT) shown in Fig. 3d). Due to the irregular nature of the
termination of the lattice fringes of the olivine along the crystalline-
amorphous interface, we did not attempt to measure the chemistry
along a STEM-EDX line scan. In some localized interfacial areas, the
olivine crystal was progressively disordered (see FFT of selected areas
in Fig. 3b-d). This is reflected in the broader nature of the diffraction
spots shown in Fig. 3¢, as compared to Fig. 3b (bulk crystal).

3.1.2. Solution chemistry at the end of each run

The chemical compositions of the solutions at the end of each
experiment are listed in Table 3. The average Mg concentrations were:
9.1+£04,88+0.7,7441.3,16.246.4,and 10.3 £ 2.7 mmolal after 1, 5,
15, 20, and 45 days, respectively. The confidence intervals indicated
here represent the standard deviation to the mean value of the
concentrations measured in the different aliquots. A regression of the
abovementioned average concentration values against time reveals that

there is no statistically relevant linear evolution of the Mg concentration
with time (r>=0.02). Moreover, the final Mg concentrations of the
solutions initially enriched in either NaCl or NaClO, are indistinguish-
able from those experiments starting with pure water.

The average Si concentrations were: 5.0+ 0.6, 5.14+0.6, 4.6+ 0.3,
4940.9, and 4.8+ 0.5 mmolal after 1, 5, 15, 20, and 45 days, res-
pectively. As for the Mg concentrations, the concentrations of Si were
constant with respect to time and independent of the initial solution
composition.

To further understand these apparent steady-state Mg and Si
concentrations, the Gibbs free energies with respect to the dissolution
of key solid phases were calculated both for experimental in situ and
ambient conditions, and are reported in Table 3. The first observation
is that the calculated AG, values with respect to forsterite dissolution
are representative of what has always been classically considered as ‘far-
from-equilibrium’ conditions, ranging from —90.8 to —65.5 kj.mol ™.
These values indicate that thermodynamic equilibrium with olivine was
never reached in any of the capsules, such that the continuation of
olivine dissolution is thermodynamically feasible. Moreover, these
calculations showed that, with the exception of sample 20-10, the
extent of olivine dissolution was never large enough to reach saturation
with respect to magnesite under run conditions. This observation is thus
consistent with the abovementioned absence of Mg-carbonates in the
reacted powders. Finally, the Si concentrations at in situ experimental
conditions are very close to, but systematically below, SiO,(am)
saturation, with a mean A,G value of —0.540.4 k].mol~!, which has
been calculated with respect to the whole dataset. As a consequence,
and as also previously reported by Giammar et al. (2005) at 95 °C, it is
very likely that the concentration of Si in the aqueous solutions was
controlled by the solubility of amorphous silica, even if more accurate
measurements would be needed to strengthen this statement (see
section 3.2). It should be noted that all of the samples were
supersaturated with respect to SiO,(am) under ambient conditions
(Table 3), given that the solubility of SiO,(am) decreases with
temperature. It is likely that the slight differences between the
measured Si concentrations and the predicted Si equilibrium value
results from minor precipitation of SiO,(am) during the quench.
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Fig. 2. TEM images and TEM-EDX measurements from the first FIB thin section realized on a single olivine grain from experiment 45-04. (a) Bright-field image of the interface at low
magnification, showing a ubiquitous Si-rich layer contacting the pristine olivine, with an average thickness comprised between 15 and 40 nm. (b) HRTEM image of the area delimited
by the square inset in a. Note the sharp but irregular termination of the lattice fringes of the olivine crystal at the crystal-amorphous interface. (c) Bulk EDX analysis of the Si-rich
phase evidenced in a-b. Note the presence of small amounts of Mg incorporated within the Si-rich layer. (d) STEM-EDX profile realized along the line indicated in a. The red profile
corresponds to the concentration profile of Pt (normalized to 1 in the Pt coating, located at the left hand side of the figure) and the blue profile represents Mg (normalized to 1 in
olivine); the smooth curves (solid and dashed lines) represent results of diffusion modeling fitted to the experimental profile of Mg (see text and Appendix for details).

Interestingly, a similar range of Si concentrations was reported by Daval
et al. (2009a), who used exactly the same experimental apparatus to
study wollastonite carbonation under the same P-T conditions, whereas
the formation of secondary SiO,(am) phases was obvious (100 um-thick
coatings were observed). This comparison supports the idea that the
apparent slight undersaturation of the solution with respect to SiO,(am)
is probably due to quenching effects.

3.2. Low SA/V experiment

The results of this experiment are summarized in Table 4. After a
sharp rise of both the Mg and Si concentrations, the bulk fluid reached a
steady-state composition after ~30 days, within experimental
uncertainties (Fig. 4a). As illustrated in Fig. 4b, the release of Mg
and Si was close to stoichiometry over the entire duration of the
experiment. Conversely, one can calculate from the results listed in
Table 4 that Fe release was not stoichiometric. As was discussed in
section 3.1.1, this result could indicate the precipitation of secondary
Fe(III)-rich phases.

The Mg and Si concentrations can be used to calculate the dissolu-
tion rate of olivine according to:

Al X Meen(E=AL)

~ Al x my x SSA x 1 )

i(f)

In the above equation, A[i] is the difference in the concentrations of a
solute i (Mg or Si; mol.kg—") for the samples recovered at time tand t —
At, meep(t— At) is the mass of aqueous solution remaining in the gold
bag at time t — At (just before sampling) and is expressed in kg, At (s) is
the elapsed time between two samplings, my is the initial mass of olivine
(expressed in g), SSA (g.m~2) is the specific surface area of olivine, and 7;
is the stoichiometric coefficient of ith element in the mineral (1.82 for
Mg; 1 for Si), so that r;(f) represents the average dissolution rate of
olivine between two consecutive samplings. This value is determined
with respect to the ith species of olivine, normalized to its surface area,
and is thus expressed in mol.olivine.m~2s~"'. The dissolution rates of
olivine with respect to Mg and Si, calculated according to Eq. (4), are
plotted as a function of time in Fig. 4c. As can be seen, the dissolution rate
of olivine monotonically decreased as a function of time throughout the


image of Fig.�2

200 D. Daval et al. / Chemical Geology 284 (2011) 193-209

20 nm

Fig. 3. TEM analysis of the second FIB thin section realized on the same olivine grain (i.e. Fig. 2) from experiment 45-04. (a) HRTEM image of the interface, showing disordering of the
olivine network in the interfacial region. (b) FFT of the crystalline, unaltered olivine. (c) FFT of interfacial region (corresponding to the area labeled c in a). Note that the diffraction
spots are broader, indicating disordering in this area. (d) FFT of the amorphous Si-rich layer.

experiment. At the end of the experiment, the dissolution rate of olivine
was about two orders of magnitude slower than that determined at the
beginning of the experiment. The decrease of the olivine dissolution rate
as a function of time is in fact not surprising because the pH of the
solution steadily increased as the reaction proceeded, due to the
consumption of H* by the dissolution of olivine. To address the question
whether the measured decrease in rates can be predicted using data
from studies that determined the dependence of olivine dissolution rate
on pH, the bulk solution pH was calculated with CHESS following the
method described in section 2.4 for each of the recovered samples. The
mean pH between two consecutive samples was set to equal the average
pH determined from the solution chemistry of these two samples (for
instance (see Table 4), from the chemical composition of samples OL-04

and OL-05, we calculated that the pH was respectively 3.88 and 3.96
after 1.94 and 2.95 days, so that the mean pH corresponding to the
dissolution rate we reported for OL-05 is 3.92). The calculated
dissolution rates are plotted as a function of the mean pH in Fig. 4d.
Although the error bars for pH are quite large due to the sliding average
method we adopted, two important observations can be emphasized:
first, at the beginning of the experiments (corresponding to the more
acidic pH conditions), both the pH-dependence and the absolute values
of the dissolution rates are in reasonable agreement with the rate law
from Rosso and Rimstidt (2000). Secondly, at pH values greater than 3.9,
the sharp decrease of the dissolution rates measured in the present
study cannot be attributed to pH only. Moreover, as mentioned in
Table 4, all of the rates were obtained at Gibbs free energies less than

Table 4

Summary of the results obtained for the low SA/V experiment.
Sample Time Meell Si Mg Fe log rs; log rvig pHin PHex AG,(sil) AG,(for) a(t)g; a(t)y, g

Days g mM mM mM mol/m?/s mol/m?/s kJ/mol kJ/mol

OL-01 0.00 1793 0.07 0.01 5.9E—05 n.c. n.c. 3.11 n.c. —13.27 —160.1 n.c. n.c.
OL-02 0.13 1744 0.24 0.26 3.6E—03 —7.22 —7.31 3.24 4.68 —9.65 —133.8 0.99 0.99
OL-03 0.93 165.4 0.91 1.30 8.2E—04 —7.42 —7.49 3.63 5.33 —5.84 —110.3 0.84 0.88
OL-04 1.94 160.8 1.64 2.58 7.0E—04 —7.51 —7.53 3.88 5.48 —3.84 —97.8 0.99 1.16
OL-05 295 157.2 197 3.18 8.7E—04 —7.87 —7.87 3.96 5.58 —3.28 —94.1 0.52 0.63
OL-06 4.87 154.1 237 3.82 7.4E—04 —8.07 —8.14 4.04 5.58 —2.72 —90.7 0.36 0.38
OL-07 6.83 150.1 2.63 4.39 2.3E-03 —8.27 —8.19 4.09 5.67 —241 —88.3 0.25 0.36
OL-08 10.95 146.9 3.17 5.80 9.6E—05 —8.30 —8.14 4.20 5.77 —1.85 —83.5 0.25 0.45
OL-09 16.93 144.1 3.66 6.63 1.2E—-04 —8.50 —8.54 4.25 5.92 —141 —81.0 0.17 0.19
OL-10 23.85 141.8 3.79 7.13 8.2E—05 —9.17 —8.83 428 6.02 —1.31 —79.8 0.04 0.11
OL-11 32.93 138.9 3.93 7.68 dl —9.26 —8.91 431 5.96 —1.20 —78.6 0.03 0.09
OL-12 52.05 136.2 4.67 8.07 1.1E-03 —8.86 —9.40 433 5.97 —0.67 —773 0.09 0.03
OL-13 58.91 133.0 4.70 8.04 1.2E—02 —9.88 nc 432 5.92 —0.64 —774 0.01 n.c.

The first three columns indicate the name of the sample, the time duration after which it was taken and the mass of the solution in the cell after sampling. The three following
columns contain, respectively, the aqueous concentrations of SiO,(aq), Mg?*, and Fe(aq) measured by ICP-MS (mmol.L™"). The subsequent columns report the corresponding
dissolution rates based either on Si or Mg concentrations. The columns labeled pH;, and pHex indicate, respectively, the calculated and measured pH for each sample. The two
following columns gather the values of Gibbs free energy of dissolution (k].mol™") of forsterite and SiO,(am) at T= 90 °C and pCO, = 20 MPa. The last columns report the values of
«(f) as defined by Eq. (8). * not calculable, the concentration of Mg being greater in sample OL-12 than in sample OL-13.
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Fig. 4. Bulk aqueous chemistry measurements of the olivine dissolution rate for the low SA/V experiment. (a) Mg and Si concentrations of aliquots sampled in situ as a function of
time. Note the attainment of a steady-state composition after 50 days of reaction, within experimental uncertainties. (b) Aqueous Mg concentrations plotted as a function of aqueous
Si concentrations for the entire duration of the experiment. Dissolution was essentially stoichiometric, the slope of the linear regression (1.85) being very close to the stoichiometric
slope of olivine (Mg/Si= 1.82). (c) Dissolution rate of olivine as a function of time, shown as a function of the Si and Mg (log) release rates. Note the continuous decrease of the rate
over the duration of the experiment. (d) Dissolution rate of olivine reported as a function of pH. The solid blue line corresponds to the predicted rate using data from Rosso and
Rimstidt (2000). At pH<3.9 our rate data are in good agreement with the predicted rate (blue line), whereas at higher pH the dissolution rate of olivine dramatically decreases,

revealing a major discordance with the predicted rate (blue line).

—77.4 kJ.mol !, which corresponds to conditions usually referred to as
‘far-from-equilibrium’. Understanding these results is one of the main
objectives in the next section.

4. Discussion

The discussion that we present below is centered around four central
themes. The first treats the discrepancy between the measured release
of Mg and Si from olivine, and that predicted by geochemical modeling
using rate laws published in the literature. The second theme explores
reasons for this discrepancy. One possibility is that the creation of the
amorphous silica layer ultimately controls olivine dissolution. Since it
was impossible to define a rate of olivine dissolution for the high SA/V
experiments because the Si and Mg concentrations achieved steady-
state values after 1 day of reaction, the third theme therefore addresses
alternative approaches to measuring olivine dissolution rates under
such conditions. Finally, the last theme discusses how future research
could elucidate more precisely the exact role that surface layers have on
the dissolution of the parent mineral.

4.1. Dissolution of olivine: measured and predicted release of Mg and Si
The results of the high SA/V experiments suggest that at T=90 °C and

pCO, =25 MPa, the carbonation process is slow: no carbonate minerals
were evidenced in any of the 18 samples of this study, and the aqueous

solutions were found to be saturated with respect to magnesite for one
sample only. Qualitatively, this result is in fair agreement with Gerdemann
et al. (2007), who showed that at T=95 °C, the carbonation yields were
no more than 3% in the most favorable of cases (i.e. when the reaction was
initiated in alkaline solutions, with a particle grain size <37 pm).
Consistent with these results, Giammar et al. (2005), who carried out
carbonation experiments on 125-250 pum olivine powders at T=95 °C
and pCO, =100 bar, reported that no carbonate minerals were identified
after durations as long as 4 weeks. Therefore, the aim of the present
section is to determine whether slow carbonation rates of olivine at 90—
95 °C, while in qualitative agreement with the two aforementioned
studies, can be predicted using published general kinetic rate laws that
were developed for olivine dissolution at far-from-equilibrium conditions.

To realize this goal, the methodology successfully applied by Daval
et al. (2009a) for describing the carbonation of wollastonite under
similar conditions was adapted to the carbonation of olivine initiated in
pure water equilibrated with an elevated pCO, (given that the
experimental results are similar, no attempt was made to model the
dissolution of olivine in saline solutions). The reaction shown below
(based on pure forsterite in the code CHESS) describes the
corresponding process, which is in agreement with the experimental
results:

Mg,Si0, + 4H"—2Mg® " + z5i0,(aq) + (1—2)Si0,(am) + 2H,0 (5)
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In the above equation, z is a fractionation coefficient with a value
between O and 1. The solution analyses (Table 3) suggest that the
reaction proceeded close to SiO,(am) saturation from the first day of
the experiment. In agreement with this observation, Giammar et al.
(2005) reported that the concentration of Si in the aqueous solutions
was controlled by the solubility of amorphous silica. As a conse-
quence, our aqueous data and observations showing the formation of
a Si-rich layer on olivine surfaces (Fig. 2a), combined with the data
from Giammar et al. (2005), support the assumption that the value of
z is controlled by an instantaneous chemical equilibrium between the
bulk solution and SiO,(am) throughout the experiment. Because no
other secondary phases were observed, amorphous silica was therefore
the only solid allowed to precipitate in the numerical simulations
discussed hereafter. We used olivine dissolution rate laws from 7
different far-from-equilibrium studies (Table 1), all performed in flow-
through reactors (except that of Chen and Brantley, 2000) to test
whether any of them could reproduce the experimentally measured
release of Mg. For a given simulation, the modification of the speciation
of the solution resulting from olivine dissolution is calculated at each
time step, as thoroughly described in Daval et al. (2010a).

Fig. 5a compares the experimental data with the temporal
evolution of Mg release from olivine using the 7 aforementioned
rate studies. After 45 days of reaction, a 6-fold factor exists between
the maximum and minimum concentrations (i.e. considering the rate
laws determined by Rosso and Rimstidt (2000) and Hanchen et al.
(2006), respectively). Such rate discrepancies are not rare among
dissolution kinetics studies of a given mineral (e.g. see Hellmann
(1994) for albite, Nagy (1995) for clay minerals), and can be ascribed
to various factors, such as whether true steady state conditions were
achieved, the number of runs performed to determine a rate law, the
statistic treatment used for interpreting the raw data, uncertainties in
normalization of the rates to the actual surface areas (which are
subject to large errors), or the extent of the pH- and T-range used to
establish the rate laws. The thorough statistical treatment of the data
by Rosso and Rimstidt (2000) may make their rate law more reliable
than those from other studies. Conversely, the T-range of their study is
relatively limited (25-45 °C) compared to that of, e.g., Hinchen et al.
(2006), such that the latter study may be more appropriate for
extrapolation of rates to 90 °C. Thus, it is difficult to ascertain which
study is best used for comparison with our data. The most important
result shown in Fig. 5a is that after 45 days, there exists a 1.8 and 2.5
order of magnitude difference between the concentration of Mg
released in the present experiments (mean value of 10.2 £ 3.7 mmolal)
and the Mg concentrations extrapolated from the rates given in Rosso
and Rimstidt (2000) and Hédnchen et al. (2006), respectively.

We therefore ask which mechanisms are responsible for the large
difference existing between our data and the numerical simulations. A
close-up of the data in Fig. 5a, shown in Fig. 5b, suggests that the reaction
takes place in two steps: during the first 24 h, the concentration of
magnesium rose sharply, presumably in a similar way to the simulation
based on the rate law of Rosso and Rimstidt (2000), and then the
Mg concentration leveled off at a mean value of 10.2 4 3.7 mmolal.
Moreover, this value is close to that expected if a stoichiometric release
of Mg and Si is assumed, and SiO,(aq) is in equilibrium with SiO,(am):
[Mg] = m; x [Si0z(aq)]eq = 10.1mmolal. This result points out that
olivine dissolution may be controlled by the formation of the amor-
phous silica layer.

4.2. Rate-controlling step of olivine carbonation at 90 °C in closed systems

The easiest way to investigate the dissolution of olivine in batch
reactors at conditions undersaturated with respect to SiO,(am) is to
run experiments with a low SA/V ratio. As outlined in section 3.2, at a
low SA/V ratio the dissolution rate of olivine steadily decreased with
time (Fig. 4c), this observation being partly explained by the increase
in pH during the reaction (Fig. 4d). To highlight the influence of
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Fig. 5. (a) Kinetic modeling of olivine dissolution according to Eq. (5), using the CHESS
code implemented with the rate law corresponding to Eq. (3b) and rate data from the
literature (see Table 1). Because CHESS can only simulate the dissolution of pure
forsterite, note that all the calculated concentrations were multiplied by 0.88, this
corresponding to the stoichiometry of the San Carlos olivine we used. These simulations
are compared with the results from the high SA/V experiment. (b) Close up showing the
absence of the statistical evolution of the Mg concentrations during the experiment
(dotted line). The solid lines with open triangles and squares represent the predicted
evolution of Mg concentrations based on a process which becomes diffusion controlled
as saturation of the bulk solution with respect to SiO,(am) is reached. These curves
were obtained independently from the solution analyses, and were not intended to
finding the best fit to the Mg concentrations, but rather were intended for comparing
the aqueous data to the evolution of Mg release predicted for a diffusion-limited
process (see text and Appendix for details).

parameters other than pH (and T), we propose the following empirical
expression for the dissolution rate law of olivine:

Tsimg (T) = Koo X @y (£)" x o (F) (6)

where kg corresponds to the rate constant of olivine dissolution at
90 °C (mol.m~2s~') and a(f) is a dimensionless attenuation term,
which varies between 0 and 1, that accounts for the decrease of the
dissolution rate due to the free energy, as well as any other
parameters, excluding pH and T. It is worth noticing the similarities
between this parameter and the f(AG,) term used in general kinetic
rate laws (e.g. Lasaga, 1995). However, at this stage, let us consider
o () only as an undefined parameter that does not imply any specific
mechanism.

At the beginning of the experiment, we pointed out that the first
calculated rates were in fair agreement with extrapolations based on
the rate law determined by Rosso and Rimstidt (2000). Because it is
likely that only pH affected the very first rate data (the aqueous phase
containing very low concentrations of dissolved Mg and Si, see Table 4
and corresponding values of AG,(olivine)), we can reasonably set
a(t), = 1 for the first rate data, so that Eq. (6) becomes:

Tsimg (D)o = Tsimg (f = 0.07 days) = koo x @y (=0.07 days)"  (7)
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Finally, the parameter kg can be substituted in Eq. (6) by its value
taken from Eq. (7), so that o(f) can be expressed as follows:

aff) = rSi'Mg@ x (aH‘ (t)")n 8)

rSi‘Mg (t) 0 Qg+ (E)

If one supposes, in agreement with most of olivine dissolution
studies, that n=0.5 (see Table 1), then the parameter c(f) can be
calculated as a function of time from the data listed in Table 4.
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Fig. 6. Parameter o(f), as defined by Eq. (8), plotted as a function of (a) AG,(olivine)
and (c) AG,(S10,(am)). Each graph also shows curves based on TST. (b) Comparison of
the parameter o(f) measured in the present study to that determined from published
literature rate data. With respect to the published rate data, only rates obtained under
conditions far-from-equilibrium with respect to SiO,(am) saturation were considered.
In general, the parameter o () can be thought of as a normalized rate.

In Fig. 6a, the parameter () was plotted as a function of AG,
(olivine). The quite large error bars for AG,(olivine) are due to the
sliding average method we adopted, whereas the error bars for o(f)
were mainly due to the pH intervals between times t and t — At. The
value of o (f) decreases over arange in free energy where a simple TST
rate equation does not predict any decrease of the rate. Moreover, if
the rates of dissolution (normalized using the procedure outlined
above for a) determined in the studies listed in Table 1 (all largely
undersaturated with respect to SiO,(am)) are plotted as a function of
AG,, these rates also do not show any decrease over this range
(Fig. 6b). Moreover, the most interesting point arises from the plot of
a(t) as a function of AG;(SiO,(am)), shown in Fig. 6¢. As can be seen in
this figure, the normalized drop of olivine dissolution rate (i.e. c(f))
tends to 0 as equilibrium with respect to SiO,(am) is approached.
Moreover, the dataset fits well to a simple TST rate equation of the
form: f(AG,)=1—exp(AG,/RT), where AG, = AG,(SiOy(am)).
Whether this TST-like dependence is a fortuitous result or not cannot
be ascertained in our study.

Considering the results discussed in section 4.1, and in agreement
with previous studies which proposed that silica layers passivate the
surface of olivine (e.g. Bearat et al., 2006), here we further propose
that the dissolution rate of olivine is controlled by that of an interfacial
Si-rich layer, such that Eq. (6) could be re-written as:

Tsimg (£) = Koo X Gy (f)" x f(AG,(Si0,(am)) 9)

where o(f) was replaced by f(AG(SiO;(am)), a function which
describes the dependence of the dissolution rate of the silica surface
layer in terms of the activity of SiO,(aq). Indeed, as evidenced in
Fig. 6¢, one possibility is that such a function can be described by a TST
relation: f(AG,(SiO,(am))) = 1— exp(AG,(SiOz(am)) / RT). This until
now unrecognized feedback between the bulk concentration of
aqueous silica and the rate of olivine dissolution leads to a discussion
of the following points:

(i) Although an overall kinetic relation given by Eq. (9) has never
been proposed for olivine until now, it should be emphasized
that similar relations have already been proposed for others
phases. For instance, Berger et al. (2002) proposed that
between 100 and 300 °C, the dissolution rate of sanidine
feldspar is controlled by the concentration of SiO»(aq) and thus,
by the saturation index of a SiO, polymorph. With respect to
multi-oxide glasses, the dissolution kinetics of both borosilicate
and basaltic glasses were proposed to be intimately linked to
that of a surface layer with a composition corresponding to (or
close to) that of SiO,(am) (e.g. Bourcier et al., 1990; Berger
et al, 1994; Daux et al., 1997; Grambow and Muller, 2001;
Gislason and Oelkers, 2003; for a thorough review of the rate
laws proposed in these papers, see Gin et al., 2008).

(ii) It may be surprising that the phase which we propose to
ultimately control the dissolution rate of olivine is neither
present at the beginning of the reaction, nor is it thermodynam-
ically predicted to form during the course of the experiment,
because the fluid was undersaturated with respect to SiO,(am) at
all times. In spite of direct evidence of the formation of such a
phase for this specific low SA/V experiment, several results from
the literature are consistent with the occurrence of interfacial Si-
rich layers at conditions nominally undersaturated with respect
to SiO(am). For instance, Pokrovsky and Schott (2000a)
measured that in acidic conditions and at ambient temperature,
the surface of olivine consisted of a 2 nm-thick Si-rich layer
supposedly formed by ion exchange between Mg?™ and H™,
followed by polymerization of the silica tetrahedrons. The
occurrence of interfacial amorphous silica layers on olivine
surface was recently confirmed by Tisserand and Hellmann
(2008), who showed that the weathering of olivine at pH =1 and
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atroom temperature resulted in the formation of a 5 nm-thick Si-
rich layer, proposed to be formed by an interfacial dissolution—
precipitation mechanism in a thin fluid-film contacting the
olivine surface (i.e. in such a mechanism, itis the properties of the
interfacial fluid, which are different from those of the bulk
solution (i.e. local pH, dielectric constant, diffusion rate), that can
lead to precipitation of a secondary phase in the thin interfacial
fluid film, even though the bulk solution is undersaturated with
respect to the same secondary phase).Regardless of the actual
mechanism of formation of this Si-rich layer, the main point here
is that the abovementioned observations, even though realized
on olivine weathered at low temperature, support the idea that
the dissolution of olivine promotes the formation of an
amorphous silica interfacial phase, which would thus make
feasible an olivine dissolution process controlled by such a phase.
An interesting point arises from a comparison of the release
rates of Mg and Si (see Fig. 6¢). Their aqueous ratios from nearly
all of the measurements were stoichiometric with respect to
olivine (Fig. 4b), such that the normalized rates determined
using either Mg or Si are identical, within experimental
uncertainties. This result may seem counter-intuitive: although
a feedback between the release of Si, the aqueous Si
concentration, and the presence of an interfacial Si-rich phase
is reasonable (perhaps characterizable within the framework of
TST), it is less obvious why the release of Mg should follow such
a trend. A possible explanation for this observation is that the
Si-rich layer (regardless of its mechanism of formation) is
essentially non-porous and passivating. Thus, its continuous
destruction (i.e. dissolution) is a necessary requirement for
olivine dissolution to proceed unhindered. Following this
proposition, the release of Mg from olivine is governed by the
dissolution rate of the Si-rich layer, which progressively slows
down as the concentration of SiO,(aq) increases in the bulk
solution. Thus, the dissolution rate of the silica layer is
controlled by a chemical process (saturation index of bulk
solution with respect to SiO,(am)), whereas the release of Mg
is controlled by a physical process (passivation effect), and its
rate cannot exceed that of the Si-rich layer dissolution.

It is important to realize that the ideas proposed in the current
section can only be justified with respect to olivine dissolution
at the particular conditions used in the present study. At other
conditions of dissolution these results may not at all be
applicable. As an example, at higher temperatures and pH,
published studies have demonstrated that although slowed
down, the carbonation of olivine can reach high extents of
reaction (e.g. Bearat et al, 2006; Gerdemann et al., 2007;
Dufaud et al., 2009). It is thus obvious that in these studies the
dissolution of olivine did not stop when the aqueous phase
reached saturation with respect to SiO,(am), meaning either
that (1) the physical characteristics of the Si-rich layers are
different (more porous) at higher temperature or (2) the
alteration of olivine took place in these latter studies following
a far slower mechanism (solid-state diffusion, see Putnis, 2009
for further details on the respective rates of hydrolysis vs. solid-
state diffusion), which is activated at high temperature.
Moreover, and perhaps most importantly, the conclusions
reached in the present study should also not be applied a priori
to other minerals. For instance, Daval et al. (2009a,b)
demonstrated that wollastonite dissolution was not hindered
by the formation of a SiO,(am) layer, whereas the physico-
chemical conditions of reaction were similar to those of the
present study (same T and pCO,, similar calculated pH range).
These intriguing differences point out the need for more
research in order to predict the feedback effects between
silicate mineral dissolution and interfacial SiO,(am)-like phase
formation. This question is discussed in section 4.4.

Finally, to summarize points i-iv, we have proposed that in
addition to the rate-controlling parameters determined in previous
studies (pH, T, surface area), the dissolution rate of olivine was also
controlled by the thermodynamic ‘distance’ from equilibrium with
respect to SiO,(am) and the passivating properties of the silica layer.
The consequences of this with respect to olivine dissolution and CO,
uptake in geologic sequestration context are potentially important.
Among others, a question directly arising from this finding is the
following: what happens during the olivine dissolution process when
the bulk fluid reaches saturation with respect to SiO,(am)? This case
is encountered either in high SA/V scenarios of olivine dissolution, or
after long durations of olivine/water interactions in confined
environments. This question will be the main concern of the
subsequent section.

4.3. Implications for long-term olivine-water-CO, interactions at 90 °C

One of the important points with respect to Mg release in the high
SA/V experiments is the observation that after the initial rise, the Mg
concentrations become constant in the fluid after 1day (Fig. 5b).
Whether Mg release still occurred after this is a question that cannot
be answered in the present study. If yes, the errors in the
measurements were presumably larger than any potential changes
in Mg concentration, precluding the determination of Mg release rates
based on the aqueous chemistry. Consequently, this section aims to
estimate the maximum and minimum rates of Mg release for
durations as long as 45 days during the course of the high SA/V
experiments, following alternative strategies. The lower bound of the
rate of the process is quite easy to fix: from what was pointed out in
section 4.2, ryg may equal 0 when AG,(SiO;(am)) = 0. This implies a
completely impermeable olivine surface due to the silica layer.
Insights into the upper bound of the release rate of Mg, corresponding
to a residual alteration rate of olivine when the solution is saturated
with respect to SiO,(am), may benefit from the nanoscale analyses
performed on the FIB thin sections described in section 3.1.1. Two
different aspects of our observations can be used to propose a rough
estimation:(i) The first estimation is based on the thickness of the
layer evidenced in Fig. 2a. The assumption is made that (a) the whole
layer was generated through an overall incongruent process, whereas
the bulk solution was saturated with respect to SiO,(am) (i.e. for
t>1day) and (b) this overall process leads to a homogeneous layer
40 nm-thick. We know from previous studies (see section 4.2) that
the first hypothesis is not exact, since a small fraction of the layer was
presumably formed at conditions undersaturated with respect to SiO,
(am); the second hypothesis is not correct as well, as the thickness of
the silica layer was shown to vary all along the olivine surface (Figs. 2a
and 3a). However, because we aim at determining the upper bound of
a residual alteration rate, the maximum thickness of the layer should
be considered. Using such assumptions, the coating was thus
generated progressively with time through an overall incongruent
process, the external boundary of the Si-rich layer (formed at
t<1 day) being stabilized (i.e. its dissolution ceased) when the bulk
fluid reached saturation with respect to SiO,(am). If one supposes that
alteration process is transport-limited because the porosity of the
silica layer is either small and/or poorly interconnected, then the
thickness (d) of the layer would be controlled by a square root
dependence with time (e.g. Corvisier et al., 2010, and references
therein):
d=gxVt (10)

Considering that after 45 days the thickness is 40 nm, then
£=5.9nm.s~ 2 The corresponding evolution of aqueous Mg concen-
trations during the course of the high SA/V experiments is shown in
Fig. 5b. The modeled curve (solid line with open triangles) was built
from the sum of the curve obtained using Rosso and Rimstidt (2000)
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data for [SiO,(aq)]<[SiOy(aq)leq and the transport limited curve
predicted by Eq. (10) for [SiO»(aq)]>[SiO2(aq)]eq. The overall curve is
much closer to the data than any other curves shown in Fig. 5a. The best
agreement is actually obtained with d~10nm (¢=1.5nm.s™"/?),
leading to [Mg]=13.8 mmolL~! after 45days (data not shown);
however, this is not further considered here, as the primary goal of
this section is to estimate an upper bound of the olivine alteration rate,
and not the best fit of the aqueous concentration of Mg.

The approach described above can be used to estimate the time
required for releasing an ad hoc amount of Mg (10%) from olivine. Such
an extent translates into a silica layer 3.5 um-thick, which would be
formed in ~945 years following Eq. (10) and using £ = 5.9 nm.s~ /2. This
value of 945 years is about 5 orders of magnitude greater than that
obtained following the simulation based on the far-from-equilibrium
data of Hdnchen et al. (2006) (one can calculate that 10% of olivine
weathered corresponds to a Mg concentration in the aqueous phase of
~0.86 mol.L™!, which is reached within ~3.7 days, according to the
simulation reported in Fig. 5a), and 4 orders of magnitude greater than
that obtained using the data of Rosso and Rimstidt (2000) (~56.8 days)
for 0<t<45 days.

(ii) The second estimation is based on the Mg profiles measured by
STEM-EDX, shown in Fig. 2d. A typical Mg profile has sigmoidal
behavior, but is most probably not representative of the true profile
which is likely to be much sharper. An extended discussion of the
nature of this profile is given in the Appendix. For over 30 years, it has
been proposed that sigmoidal cation profiles are evidence for a solid-
state interdiffusion mechanism, since these profiles could be
qualitatively reproduced through diffusion modeling (Hellmann,
1997, see in addition, Hellmann et al, 2003, 2004). Solid-state
diffusional transport is far slower than chemical hydrolysis reactions
(see discussion of the rates of the respective mechanisms in, e.g.
Putnis, 2009), and is likely to control the rates in our experiments, if
one supposes that the amorphous Si-rich layers formed on olivine are
non-porous (or the pores are not connected). The rate of this process
can be estimated by fitting the Mg STEM-EDX profile, which can be
reproduced using the general diffusion Eq. (11) below, the latter
accounting for the outward diffusion of species within the silica layer
(Doremus, 1975):

aC 9 /~dC ac
5 = a(Da> + a<a> (11)

In this equation, t is time, C is the normalized concentration of the
element chosen ([Mg]), x is the depletion depth (measured from the
fluid-solid interface), D a solid-state interdiffusion coefficient be-
tween Mg?* and H™ species (see Appendix), and a is the rate of
retreat of the fluid-solid interface. The fitting procedure consisted in
finding the value of D which allowed the best agreement between the
modeled and measured STEM-EDX Mg profile (black solid line in
Fig. 2d, see Appendix for associated diffusion calculations). From this
value, we calculated the expected evolution of both the cation
depletion profile in the layer as a function of time and the resulting
amount of Mg released into the fluid during the course of these high
SA/V experiments (see Appendix and solid line with open squares in
Fig. 5b). As before, we can use this approach to estimate the time
required for the release of 10% of the Mg contained in olivine:
~2220 years, i.e. between 4 and 5 orders of magnitude greater than
that obtained using the simulations based on Eq. (3b) and rate data of
Rosso and Rimstidt (2000) or Hdnchen et al. (2006), respectively. To
further illustrate the overestimations caused by the use of classical
geochemical codes in the context of carbon sequestration, we
determined the time after which the solution would become supersat-
urated with respect to magnesite. According to CHESS calculations,
magnesite saturation corresponds to [Mg]~17.6 mmol.L™!, which is
reached within ~67 days according to diffusion modeling, that is, a time
period dramatically longer than expected using the simulations based

on rate data from Rosso and Rimstidt (2000) or Hanchen et al. (2006),
respectively (between 2.5 and 3.5 orders of magnitude greater).

A final comment can be made on these estimations: there is a
major conceptual difference between the approach adopted following
(i) and that reported (and further described in the Appendix)
following (ii). With respect to the first estimation, the assumption is
made that the Si-rich coating is a distinct phase, potentially formed by
an interfacial dissolution-precipitation mechanism (see Hellmann
et al, 2003; Zhang and Luettge, 2009). Conversely, the second
estimation presupposes that the Si-rich phase was (at least partly)
formed by a solid-state diffusion mechanism. The intrinsic mechanism
cannot be deduced from the present study, and needs to be addressed
in future investigations (see also further discussion in the Appendix).
However, it is worth noting that both models converge towards
similar residual rates, which is the most important result of this study.
Moreover, such estimated maximum rates are compatible with the
fluid data.

To summarize this section, the lower bound of the rate can be
assumed to equal 0. Despite the inherent uncertainties of the present
data and their interpretation, it is reasonable to conclude that the
upper bound of the dissolution rate of olivine may be up to 5 orders of
magnitude slower than those predicted by conventional geochemical
codes based on far-from-equilibrium rate data.

4.4. Understanding the physical and chemical properties of silica layers

The conclusion of the present study is quite straightforward: at
90 °C, and at elevated pCO, of ~20-25MPa, the dissolution of
forsterite olivine appears to be controlled by the saturation state of
the fluid with respect to SiO,(am) and the passivating properties of
the amorphous silica layer. Starting from this assessment, one could
think that obtaining more reliable simulations of fluid-rock interac-
tions using reaction-transport codes for any silicate could simply be
achieved by adding a specific dependence of the mineral dissolution
rate law on the aqueous concentration of Si (or on the AG,(SiO,(am))
parameter). However, such an approach would be at odds with results
from e.g. Daval et al. (2009b), who showed that the occurrence of
silica layers formed on the surface of wollastonite under similar
conditions (same T and pCO,) did not significantly affect its
dissolution rate because of their meso-porous structure. Moreover,
this approach would probably not be able to describe adequately the
high extents of carbonation of olivine measured at higher tempera-
ture (e.g. Bearat et al., 2006; Gerdemann et al., 2007; Garcia et al.,
2010), even though saturation with respect to SiO,(am) was reached
as well. Given that modeling of water-rock interactions (in particular
related to CO, sequestration) relies on geochemical kinetic codes that
generally do not account for the presence of passivating surface layers,
future studies should be dedicated to understanding which parameter(s)
and mechanisms are responsible for the non-universal transport
properties of silica layers formed on mineral surfaces. Only such work
will permit more accurate codes to be developed. To date, the treatment
of minerals on a case-by-case basis emphasizes the fact that our
understanding of these mechanisms is in its infancy.

The starting point for these future studies could be based on
understanding the striking discrepancies evidenced between wollas-
tonite and olivine reactivity. Assuming that a comparison of the
reactivities of these two minerals makes sense presupposes that the
silica layers formed on each one of these substrates originate from
similar mechanisms. Although this statement would need to be
rigorously confirmed, preservation of the original wollastonite
morphology during the growth of silica layers (Huijgen et al., 2006;
Daval et al., 2009a,b) suggests that, as for olivine, they are formed by
an interfacial process. Moreover, as already emphasized elsewhere
(e.g. Bunker, 1994; Cailleteau et al., 2008; Casey, 2008; Jollivet et al.,
2008; Schott et al., 2009), surface silica layers should not be viewed as
an inert material, but rather as phases that can undergo continuous
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restructuring. As an example, Cailleteau et al. (2008) proposed that
pore closure occurs subsequent to the progressive densification of the
silica gel, via the condensation of silanol groups and the attainment of
a Q* structure (i.e. a central SiOﬁ’ entity connected to 4 other Si
groups). Whether specific characteristics inherited from the parent
phase influence these restructuring mechanisms is still an unresolved
issue for silicate minerals.

The obvious differences between olivine and wollastonite, which
may control the corresponding chemical and structural properties of
the silica layers are: (1) their chemical composition (respectively,
Mg-Fe-rich vs. Ca-rich), (2) their crystallography (olivine is an
orthosilicate, composed of isolated SiO}~ tetrahedra, whereas wollas-
tonite is an inosilicate, composed of SiO}~ tetrahedra linked in a single-
chain structure), (3) their dissolution rates: at 90 °C and acidic pH, the
far-from-equilibrium dissolution rate of wollastonite is approximately
one order of magnitude greater than that of forsteritic olivine, see e.g.
Guyotetal. (in press) for areview. A faster dissolution rate may exceed a
characteristic time needed for amorphous silica rearrangement,
polymerization, and pore closure. Stated another way, i.e., passivating
properties are obtained when the rate of densification of the silica layer
exceeds that of silicate hydrolysis. At this point, it is difficult to
determine a priori which specific characteristic(s) can explain the
observed differences between olivine and wollastonite reactivity, in
particular in SiO,(aq)-rich solutions. However, in our opinion, the 3rd
point which suggests that the passivating ability of silica coatings
depends on the differences between the inherent silicate dissolution
and amorphous silica restructuration rates, may in fact be the parameter
that deserves the most attention. This proposition potentially accounts
for the differences observed between olivine and wollastonite reactivity,
since wollastonite dissolves faster than olivine. Moreover, it has been
recently found for olivine that at temperatures between 150 and 200 °C,
the connectivity of Si tetrahedra within the amorphous Si-rich phase
was @3, instead of Q* (Davis et al., 2009; King et al., 2010). The last step of
the densification process, which leads to the passivating Q* structure,
may compete with the formation of crystalline Q> phases such as
serpentines (King etal., 2010). Considering all of these observations, it is
of importance to correctly deconvolute the respective rates of silicate
hydrolysis and silica densification in future experiments. This may be
one of the key points to improving the accuracy of kinetic modeling of
silicate dissolution reactions. Specific experiments similar to those
described in the present study, but run with Fe-, Ca- and Mg-
orthosilicate and inosilicate end-members should help to isolate one-
by-one the abovementioned parameters.

5. Conclusions

The present study initially aimed at better understanding what
controls olivine carbonation rates in confined environments and at
temperatures relevant to CO, sequestration. In agreement with a
growing number of studies, we have reached the conclusion that the
dissolution of olivine is kinetically slowed down by the formation of
amorphous silica layers. The presence of an amorphous silica layer,
which apparently begins to form even when the solution is
undersaturated with respect to SiO(am) (consistent with previous
studies, e.g. Pokrovsky and Schott, 2000a; Tisserand and Hellmann,
2008), causes the dissolution rate of olivine to dramatically decrease.
As shown by our kinetic analyses, the olivine dissolution rate at
conditions when the solution is in equilibrium with amorphous silica
cannot be exactly determined, but should lie between a minimum rate
of zero and a maximum rate that is several (4-5) orders of magnitude
less than the maximum rate at far-from-equilibrium conditions. This
result emphasizes the fact that this effect should be added to the list of
different mechanisms that potentially can retard the kinetics of
mineral dissolution, such as the existence of a critical AG, of reaction
(e.g. free energy boundary value below which etch pits freely

nucleate, see Lasaga and Luttge, 2001; Hellmann and Tisserand,
2006) or the inhibiting properties of Al(aq) on Al-silicate dissolution
rates (Oelkers et al., 1994).

The above discussion points out that for reactive-transport codes
to improve their predictive capabilities with respect to simulating
fluid-rock interactions, surface interfacial processes must be correctly
understood and integrated into these codes. With respect to CO,
sequestration via mineral trapping, this study also suggests that at
industrial scales of CO, injection, processes such as those proposed by
Kelemen and Matter (2008) have clear advantages. Their methodol-
ogy relies on a continuous renewal of fluids in contact with minerals,
which prevents a decrease in the supply metal cations (Mg, Fe, Ca)
due to mineral surface passivation. Ensuring a steady supply of these
metal cations should theoretically ensure a high degree of metal
carbonate formation and concomitant CO, sequestration.

Regarding the mechanisms responsible for developing passivating
silica layers, a substantial amount of work will have to be achieved in
order to develop better predictive models. In addition to carbonation
experiments with Fe-, Ca- and Mg-orthosilicate and inosilicate end-
members, supplementary flow-through experiments with controlled
concentrations of added SiO,(aq) are suggested in order to refine the
trends observed in this study. Moreover, it may be possible that at
challenging analytical conditions (i.e., when the aqueous ratio A[i]/[i]
(i represents a released element) tends towards O as a solution
reaches equilibrium with respect to SiO,(am)), detailed nanoscale
investigations of the reacted solids should help to determine the
(possible) residual silicate alteration rate. Once the mechanisms
responsible for rendering silica layer passivating are deciphered, a
first step towards more predictive models may be based on defining
pH-T-mineral conditions in which the f(AG,) function of Eq. (3a)
implemented in codes simply refers to the saturation state of the
solution with respect to SiO,(am).

Acknowledgments

This study would have not been possible without the technical
assistance of N. Findling (ENS), J.-M. Guigner (IMPMC) and ].T. Larsen
(LBNL) who are warmly acknowledged. DD is grateful to S. Gin, F.
Brunet, G. Berger, P. Bénézeth, and ]. Schott for the numerous and
passionate discussions that contributed to this manuscript. The
careful reviews and constructive comments by two anonymous
reviewers and the editor (J. Fein) were also much appreciated for
helping to improve the manuscript.

Appendix A

Calculation of the upper bound of Mg release rate, based on the
STEM-EDXS profile of Mg

The chemical breakdown of minerals is generally governed by a
sequential series of reaction and transport steps, the slowest step
being rate-limiting for the overall process. Because while approaching
saturation with respect to SiO,(am), the hydrolysis rate of the surface
silica layer tends towards O and the release rate of Mg drops
accordingly, we suggest that olivine dissolution is no longer governed
by hydrolysis reactions, but rather by diffusion through the surface
layer. Moreover, if this layer is impermeable, the bulk solution does
not contact the olivine surface anymore and a possible mechanism of
transport of Mg is solid-state diffusion. Even though this type of
diffusion can ensure a steady supply of Mg to the solution, it occurs at
such a slow rate that it is analytically challenging to measure.

Using STEM-EDXS, we measured a ~50 nm-thick Mg profile at the
interface which was sigmoidal. The question that arises as to whether
the measured profile represents the true profile. The reliability of the
Mg profile could have been considered as relatively accurate if the
profile of the Pt coating that was applied before the FIB section was
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made had been sharp. Instead, it was spread out over a thickness of
~25nm (Fig. 2d). The estimated spatial resolution of STEM-EDXS
analyses is on the order of 2-3 nm, and thus the sigmoidal nature of
the Pt profile cannot be attributed to analytical limitations. Nonethe-
less, many other analytical factors can play a role with respect to both
the Pt and Mg profiles (e.g. the FIB thin section was perhaps not
rigorously orientated perpendicular to the EDXS detector of the
microscope). In any case, it is certain that the true Mg profile is
sharper than what is shown in Fig. 2d. Nonetheless, even when the Mg
profile is adjusted to take into account the non-vertical nature of the
Pt profile, the Mg profile is still not vertical, such that the Mg gradient
is approximately 20-30 nm wide. On the one hand, it can be thought
of as representing a step function-like profile that has been slightly
broadened, again due to analytical considerations (orientation of FIB
section, orientation of olivine-silica interface). Alternatively, the Mg
profile can be considered to be truly sigmoidal. The former
interpretation (step function profile) would be in agreement with
an interfacial dissolution-reprecipitation process (Hellmann et al.,
2003, 2004), whereas the latter (sigmoidal profile) would be
indicative of a solid-state diffusion process. In addition to these
interpretations, we cannot discount a mixed mechanism whereby the
layer is originally created by a dissolution-reprecipitation process, but
then as the layer's structure evolves with time (e.g. by pore closure,
densification), the layer becomes passivating, such that the only
process that allows reactant products to reach the bulk solution is by
solid state diffusion. The different features of the TEM observations
may be used to support either one of the two mechanisms. On the one
hand, the hummocky nature of the amorphous silica layer shown in
Fig. 3a speaks in favor of an interfacial precipitate. Conversely, the
progressive structural modification from the bulk crystal to the
amorphous silica (Fig. 3b-d) could actually be rather representative of
a leached layer.

On the whole, the exact mechanism of how silica layers form during
olivine dissolution cannot be unambiguously deciphered from the
results obtained in the present study, but the most important result is
that they rapidly evolve into a passivating structure that dramatically
slows down the rate of olivine dissolution. Therefore, it is worth
estimating a Mg release rate based on a solid-state diffusion mechanism
because to the best of our knowledge, no previous studies have
quantified the decrease of olivine dissolution rates due to the formation
of Si-rich layers. In addition, the vast majority of CO, sequestration
simulations used rate laws that did not take into account a potential
passivation effect (e.g. Knauss et al., 2005; Xu et al., 2004, 2005; Gherardi
etal,, 2007). Thus, despite the uncertainties inherent to our assumptions
and the calculations shown below, the rates that we deduce are most
probably much closer to the actual weathering rate of olivine that occurs
in confined environments, as compared to predicted rates based on far-
from-equilibrium dissolution rates.

Referring back to Eq. (11), the parameter a was set to 0 because as
proposed above, the outer interface of the assemblage (i.e. the fluid/
silica interface) should remain in chemical equilibrium when the fluid
reaches saturation with respect to SiO,(am). In addition, the diffusion
equation is assumed to satisfy the following boundary conditions
(note that concentrations are normalized to that in the bulk olivine):
at x=0, C=0, and at x =« (the silica layer/bulk interface), C=1 and
0C/0x =0.These boundary conditions are in good agreement with the
measured chemical profiles of Mg; see also additional details in
Hellmann (1997). The interdiffusion coefficient is defined as (see
Daval et al., 2009b and references therein for details):

DygDy(C + 1)

b= 4Dy, C + Dy(1—0) (AT)

Dy and Dy are the individual diffusion coefficients of H* and Mg?*
species, respectively. For the sake of simplicity, note that pure forsterite

is considered in the simulations hereafter. Eq. (11) was then linearized
and solved numerically using a finite-volume approach and implicit-
explicit discretization (see details in Daval et al., 2009b). The best fit of
the measured profile was obtained with Dy=10""8 cm?s™' and
Dyg= 3.107 '8 cm?s~! (the corresponding simulation being the black
solid line in Fig. 2d). Note that if one supposes that the actual profile is
sharper than measured (~30 nm gradient instead of ~50 nm, i.e., after Pt
profile correction applied), the values of Dy and Dy;g remain of the same
order of magnitude (Dy=>5.10"'9cm®s™" and Dyg=10""8 cm?s™ !,
dashed line in Fig. 2d). Note that the use of these latter values would
have not significantly changed the release rate of Mg (data not shown).

The values Dy=10""8 cm?s™" and Dyz=3.10""8 cm®s ™" were
then used to estimate the release rate of Mg when limited by solid-
state diffusion. The model was realized with the method described in
Daval et al. (2009b), using N=500 meshes with a total length of
[=25pm (i.e, a large enough depth so that the concentrations of Mg
in the deeper meshes remained numerically unaffected by the
diffusion process, thus verifying the boundary conditions at the
silica-olivine interface: C=1 and 0C/0x=0). The generated profiles
as a function of time were then recovered for further exploitation, as
detailed hereafter. If one supposes that the olivine grains are perfect
spheres with a mean radius of r,; =100 pm (corresponding to the
mean radius of the grains used for the high SA/V experiments), then

the volume V; of each spherical corona with width § can be calculated
using the following system of equations:

i 3
Ve = GV = (=) isl2
_ N A2
V" = §TI(T‘01—N><I> (A2)
Vi — Viext_vl_int

From this system, the mass of a given corona m; can be calculated
supposing that its specific density is a linear combination between
that of olivine (po;) and that of the hydrated amorphous silica (psi)
which results from the exchange between H™ and Mg*™:

m; = Vi.(G.po + (1—G).ps1) (A3)

where C; is the normalized concentration of Mg in the depleted layer
at depth x. The molecular weight of a given corona can be inferred
from the concentration of Mg in this layer, such that one can calculate
the amount of Mg in this corona (ny- ;), based on the equation:

m;
2.G:Myg + Mg, + 4M, + 4.(1-C).My

Mg = 2 % G x (Ad)

where Mg, Ms;, Mo, and My correspond to the molecular weights of
Mg, Si, O, and H respectively. Then, the total amount of magnesium
N2+ 1or Still present in the solid assemblage (i.e. olivine + leached
layer) can be calculated according to:

Mgt 1o = 3 Mg+ S(rg—1) x Pob (A5)
& = et 3T M,

where M,, stands for the molecular weight of olivine (pure forsterite).

Finally, the normalized extent of olivine weathering (&, corresponding

to Mg release) can be calculated from the initial amount of magnesium

present in an unweathered grain:

3'IVIol

Fy—c (A6)
811.p01.r3|

& = 1—nyg2+ 1o ¥

The results of these simulations are shown in Fig. 7, for an extent of
magnesium depletion comprised between 0 and 10%. The thickness of
the generated cation-depleted profiles, arbitrarily defined as the part
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Fig. 7. Results of solid-state diffusion modeling using parameters determined experi-
mentally for the diffusion coefficients of Mg and H. (a) Thickness of the leached layer
(defined as a phase containing no more than 99.5% of Mg present in olivine) plotted as a
function of time. The regressed line shows that the thickness of the layer increases as a
function of the square root of the time, as expected for processes controlled by diffusion.
(b) Extent of olivine dissolution as a function of time. The same characteristics as already
described for the thickness of the Si-rich layer can be evidenced.

of the profile for which (;<0.995, is shown in Fig. 7a. Not surprisingly,
these data perfectly fit to a power regression of thickness as a function
of time, with a value of the exponent close to 0.5, which is
characteristic of a diffusion process where the thickness varies as a
square root of time. The corresponding evolution of §, as a function of
time is shown in Fig. 7b. Again, the data provide a good fit with a
square root trend. As can be seen, §, equals 0.1 for time durations as
long as ~2220 years, i.e. between 4 and 5 orders of magnitude greater
than what was predicted from CHESS simulations (see section 4.3).
Finally, it is interesting to assess the aqueous Mg concentrations
predicted for the duration of the high SA/V experiments following such
an approach. The corresponding results are shown in Fig. 5b (the extent
of olivine weathering was easily converted into aqueous Mg concen-
tration based on the volume of the solution and the mass of the powder).
As can be seen, the modeled curve (solid line with open squares),
representing the sum of the curve obtained using Rosso and Rimstidt
(2000) data for [SiO5(aq)]<[SiO2(aq)]eq and the transport-limited curve
derived from Eq. (11) for [SiO.(aq)]>[SiOz(aq)leq (i.e. when the
solution is supersaturated with respect to SiO,(am)), is compatible
with the experimental dataset, with the expected evolution of Mg
concentration being close to what we actually measured.
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